Enzymes have become important tools in several industries due to their ability to produce chirally pure and complex molecules with interesting biological properties. previously cloned and overproduced. Therefore they are available at a low cost. However, both of these enzymes show disadvantages in the large-scale production of chirally pure compounds. We have applied two routes of protein engineering studies to improve the properties of these two enzymes, namely DNA shuffling and site-directed mutagenesis. Altering the substrate specificity of bsLDH by DNA shuffling and changing the coenzyme specificity of cmFDH by site-directed mutagenesis are the most successful examples of our studies. The present paper will also include the details of these examples together with some other applications of protein engineering regarding these enzymes.
LDH to reduce other oxo acids can generate chirally pure α-hydroxy acids of use in the production of pharmaceuticals. One important use of FDH is to regenerate the relatively expensive NADH cofactor that is used by NAD + -dependent oxidoreductases such as LDH. Both LDH and FDH from organisms of interest were previously cloned and overproduced. Therefore they are available at a low cost. However, both of these enzymes show disadvantages in the large-scale production of chirally pure compounds. We have applied two routes of protein engineering studies to improve the properties of these two enzymes, namely DNA shuffling and site-directed mutagenesis. Altering the substrate specificity of bsLDH by DNA shuffling and changing the coenzyme specificity of cmFDH by site-directed mutagenesis are the most successful examples of our studies. The present paper will also include the details of these examples together with some other applications of protein engineering regarding these enzymes.
LDH (lactate dehydrogenase)
Enzymes play a crucial role in chemical transformations important to the pharmaceutical, chemical, agriculture and food processing industries because of their ability to produce chirally pure and complex molecules with interesting chemical and biological properties. They offer a number of advantages over conventional chemical catalysts [1, 2] . LDH catalyses the interconversion of pyruvate (oxo acid) and lactate (hydroxy acid) using the NADH/NAD + pair as a redox cofactor. The chirally pure α-hydroxy acids, derived from the reduction of the corresponding achiral α-oxo acids, are used to produce various pharmaceuticals such as semi-synthetic penicillin (using S-α-hydroxyisocaproic acid) and antihypertensives (using S-α-hydroxyl-4-phenyl butanoate). They are also used in medicine to diagnose phenylketonuria by detecting S-ketoisohexanoic acid.
LDH enzymes have been isolated from many species. Among these, the L-LDH [3] from the thermostable organism Geobacillus stearothermophilus (formerly Bacillus stearothermophilus) has been studied most extensively and its three-dimensional structure has been elucidated [4] . bsLDH (G. stearothermophilus LDH) is an allosteric enzyme and is activated by FBP (fructose 1,6-bisphosphate) [5] , which promotes tetramerization and enzyme yielding a more active enzyme. Each subunit of the enzyme is 35 kDa in molecular mass and possesses a nucleotide-binding domain and a catalytic domain. The structure of the nucleotide-binding domain (often referred to as the Rossmann fold) is very similar to that found in other dehydrogenases such as FDH (formate dehydrogenase) and MDH (malate dehydrogenase).
FDH
FDH is the last enzyme in the metabolic pathway that catalyses the oxidation of formate to CO 2 and water. The use of formate and FDH has been reviewed recently [6] . The amino acid sequences of NAD-dependent FDH from the methylotrophic bacterium Pseudomonas sp. 101 [7] , the methylotrophic yeasts Hansenula polymorpha [8] and Candida methylica [9] , and the mitochondrial FDH from potato Solanum tuberosum [10] and fungi Aspergillus nidulans [11] , Neurospora crassa [12] and Pichia stipitis [13] have been reported. The known crystal structures of NADdependent FDHs are from the bacterium Pseudomonas sp. 101 [14] and Candida boidinii [15] .
C. methylica NAD-dependent FDH
Among the large number of micro-organisms that possess NAD-dependent FDH, attention has been mainly focused on the yeasts. In yeast [8] , the ability to utilize methanol as the sole carbon source is limited to members of four genera, namely Candida, Hansenula, Pichia and Torulopsis. The enzyme is a dimer with two identical subunits, each possessing an independent active site. The molecular mass of cmFDH (C. methylica FDH) by gel filtration is 70 000 Da [9] and each subunit has 364 amino acid residues and a molecular mass of 40 343 Da [9] .
NADH regeneration
As explained above, enzymatic reactions catalysed by NAD + -dependent oxidoreductases (e.g. LDH) are highly stereospecific and many studies of the production of chirally pure hydroxy and amino acids from the corresponding oxo acids by using these reactions have been carried out. However, their use is still limited because of the requirement for stoichiometric amounts of very expensive NADH. If the isolated enzyme is to be used catalytically, then the NADH has to be regenerated. Since existing methods for regenerating NADH are still a significant expense and essentially limit the process to the manufacture of products valued at > $200 · kg −1 [9] , this excludes the bulk (agrochemical) market. Therefore there is a need for a cheap method of coenzyme regeneration. NADH regeneration with enzymatic methods is the most promising among the methods examined [16] . There are many dehydrogenases that can carry out the necessary chemistry, but FDH offers several advantages over the others. Hence the reducing agent, formate, is cheap and the oxidized product, CO 2 , is easily removed from the reaction, allowing the reduction of NAD to be driven to completion. Wilks et al. [17] adapted the general scheme for cofactor recycling for NAD + -dependent oxidoreductases (e.g. LDH) using FDH. A study of FDHs led to the selection of Candida species FDH as the best candidate for the NADH regeneration system, because it is stable and has a relatively high activity. FDH from C. boidinii [15] and Pichia pastoris [18] have also been used for the regeneration of NADH by others [19] .
Protein engineering studies on bsLDH and cmFDH
Both bsLDH and cmFDH were previously cloned and overproduced [3, 9] but both of these enzymes possess disadvantages in the large-scale production of chirally pure compounds. Namely, bsLDH has limited substrate specificity and cmFDH has limited thermal stability. We have applied two routes of protein engineering studies to improve the properties of these two enzymes, namely DNA shuffling and site-directed mutagenesis. The shuffling of bsLDH was performed by the method developed by Stemmer [20] with some modifications (summarized in Figure 1 ). All the rationally designed mutants were constructed by using PCRbased overlapping site-directed mutagenesis. The methodology is summarized in Figure 2 . The applications of protein engineering regarding these enzymes are detailed below.
Changing the substrate specificity of bsLDH by DNA shuffling
The bsLDH enzyme is extremely stable to thermal denaturation, but has limited substrate specificity. Early studies [21] showed that a complete switching of substrate specificity of bsLDH from pyruvate to oxaloacetate by rational design can be achieved by replacement of the glutamine residue at position 102 to an arginine residue, found in the naturally occurring MDHs. More recently [22] , the substrate specificity of bsLDH has been successfully altered by a semi-rational approach in which residues on the substrate-specificity loop were subjected to randomization. The bsLDH protein carrying the Q102V mutation catalyses the reduction of phenylpyruvate as efficiently as the wild-type enzyme with pyruvate.
Allen and Holbrook [23] introduced a DNA shuffling approach to produce a novel bsLDH that no longer requires the allosteric activator FBP for maximal activity, a clear industrial benefit. In order to alter the substrate specificity of bsLDH, we have applied a DNA shuffling approach. After screening colonies for activity with oxaloacetate [22] , a mutant LDH having eight amino acid changes and high MDH activity was identified. The mutant shuffled bsLDH showed a 3 × 10 3 -fold improvement on changing the substrate specificity of bsLDH from pyruvate/lactate to malate/oxaloacetate (B. Binay, D.K. Shoemark, R.B. Sessions, A.R. Clarke and N.G. Karagüler, unpublished work). Computer modelling is also used to rationalize the effects of the eight mutations upon activity. The results of kinetic studies are shown in Table 1 .
Removing the substrate inhibition of bsLDH
The bsLDH shows inhibition by high concentrations of pyruvate [25] . It has been known for some time that this inhibition is a consequence of the formation of LDH-NAD + -pyruvate abortive ternary complex. Before releasing the oxidized cofactor NAD + from the enzyme at high concentrations of substrate, a problem arises from binding of pyruvate to the LDH-NAD + binary complex to form the inhibitory abortive covalent adduct (E:NAD + -Pyr). In the present study, the conserved aspartic acid residue at position 38 was replaced by the largest positive charged amino acid residue, arginine, to destabilize the NAD(H) binding. The effect of this change on the kinetic behaviour of the enzyme Figure 1 Steps to produce pure mutant shuffled LDH from G. was determined and the results are given in Table 1 . The D38R mutation in bsLDH decreases the substrate inhibition 3-fold, while the k cat for pyruvate is only modestly reduced. This kinetic behaviour is much improved compared with that previously observed for the D38E mutation in bsLDH [25] .
Computer modelling of cmFDH
So far we have only followed the rational design approach to engineer cmFDH with new properties. Since there is no crystal structure of cmFDH, a homology model of cmFDH was constructed based on the structure of the Pseudomonas (psFDH) enzyme [14] . The mutants mentioned in the following section are all designed using this model. The structure of cbFDH (C. boidinii FDH) has been determined very recently [15] ; the primary sequence of this protein is 97% identical with that of cmFDH and will provide a better model for future rational design. Nevertheless, the cmFDH model is of reasonable quality apart from a poor loop prediction between residues 10 and 19. Hence C α root mean square deviations Altering the coenzyme specificity of cmFDH from NAD to NADP
Most of the NAD + -dependent FDHs are highly specific towards NAD + and do not utilize NADP + as a coenzyme. One challenge is to convert NAD-specific FDH into an NADPHspecific enzyme. The homology model suggests that cmFDH possesses an aspartic acid residue (195) that binds the hydroxy groups of the adenine ribose moiety of NAD in common with many NAD-dependent dehydrogenases containing the Rossmann fold. Previous studies [26] have shown that the analogous residue is the key discriminant between NAD and NADP in the D-LDH from Lactobacillus bulgaricus and bsLDH. Engineering the D195S mutant cmFDH produces a site to accept NADP since the serine residue is smaller than aspartic acid residue and is uncharged [27] . The kinetic behaviour of the mutant D195S cmFDH is shown in Table 1 . The mutant enzyme shows similar catalytic constants to wild-type in the reaction with NAD. In contrast with the wild-type, the reaction of NADP catalysed by the mutant is clearly measurable.
Estimating the energetic contribution of hydrogen-bonding to the stability of cmFDH
Here cmFDH was engineered to help to understand how hydrogen-bonding between residues on the edge of the core affects stability [28] . The double-mutant cycle method was applied to estimate the strength of the polar interaction between two hydrophilic residues, Thr 169 and Thr 226 , on adjacent parallel β-sheets of cmFDH. If the two threonine residues form a hydrogen bond with one another, we would expect that changing just one of them to a valine residue might make the protein less stable, as this hydrogen bond would be broken. However, when both threonine residues are replaced 
by valine residues, a larger hydrophobic core would be produced. This would either increase or decrease the stability of the protein. The conserved internal threonine-threonine pair at positions 169 and 226 was subjected to a doublemutant cycle analysis using valine as an isosteric substituent residue. The kinetic behaviour of the wild-type and mutant enzymes is summarized in Table 1 . The replacement of both threonine residues with valine residue leads to a destabilized enzyme, implying that the electrostatic contribution to the threonine-threonine interaction is significant but the energetic contribution of the hydrogen bond in the wildtype enzyme was calculated to be − 4 kcal · mol −1 (1 cal ≈ 4.184 J).
Introducing the S-S bridges on cmFDH
Since there are no cystine bridges in wild-type cmFDH, introducing new disulfide bridges is a reasonable strategy for increasing the thermostability of the protein. Hence, three cysteine double mutants of cmFDH [29] were constructed, one in the C-domain (T169C/T226C), one in the N-domain (V88C/V112C) and one between the two monomers (M156C/L159C) to form two cystine bridges across the dimer interface. Mutants V88C/V112C and M156C/L159C lost FDH activity, and mutant T169C/T226C was both less active and less thermostable than wild-type FDH.
Improving the purification of cmFDH and bsLDH
Purification of individual enzymes is a time-consuming and costly process. Therefore reducing the production cost together with improving the yield of purified enzymes are important commercial and research aims. In order to eliminate difficulties in the purification of required enzymes and to rapidly produce highly purified recombinant protein, cmFDH and bsLDH were subcloned into pQE-2 TAGZyme expression vector and 6 × His-tagged FDH and LDH genes have been overexpressed in JM105 cells as the expression vector. After purification on a nickel-agarose column, 3.6 mg of cmFDH [30] and 0.32 mg (unoptimized) of bsLDH (from 1 litre of culture) of > 95% purity were obtained. The purification procedure takes only 3 h, a great improvement over the standard chromatographic methods, which may take up to 1 week. The kinetic parameters of cmFDH and bsLDH have been determined by following the oxidation state of the nicotinamide coenzyme at 340 nm. They show similar activities to the non-His-tagged enzymes (Table 1) .
Conclusion
Protein engineering is a promising approach in order to make both FDH and LDH more suitable enzymes for particular industrial applications. Two routes are used in the present study to produce FDH and LDH enzymes with the desired new properties, namely site-directed mutagenesis and DNA shuffling. Altering the substrate specificity of bsLDH by DNA shuffling and changing the coenzyme specificity of cmFDH by site-directed mutagenesis are the most successful examples of our studies. These results imply that protein engineering is a powerful technology for enzyme redesign if an appropriate strategy is applied.
